Isofemale lines of the cactophilic species, Drosophila buzzatii, exhibit genetic variation for their oviposition response to cactus yeast species in the laboratory. In general, interactions between yeast species preclude the use of pairwise preferences as predictors of preferences in three-way choice experiments. Two isofemale lines with relatively high laboratory preference for ovipositing on the yeast Pichia cactophila (as opposed to Cryptococcus cereanus) and two isofemale lines with relatively low preference for P. cactophila were used in a series of field release experiments to determine if laboratory preferences were also realized under field conditions. The influence of yeast species on both settling behaviour (long-distance response) and oviposition preference (shortdistance response) were tested. The four lines were identical in their settling behaviour, preferring P. cactophila. The analysis of the oviposition preference tests showed significant line effects which correlated with the laboratory results. Thus a genetic component for oviposition preference under laboratory and field conditions was demonstrated and this strengthens the evidence for genotypespecific habitat selection in D. buzzatii. One low line, however, did not differ significantly from the two high lines under field conditions. A laboratory retest of this low line showed that the laboratory preference had not changed. The reason for the difference in the two situations is unknown but undoubtedly is attributable to uncontrolled variables under the field situation. Settling behaviour and oviposition response, in general, appear to be proximately linked to differences in the volatiles produced by the different yeast species.
tntroduction
Habitat selection can influence many aspects of the evolutionary ecology of populations or species (Rosenzweig, 1987; Orians, 1991) . From an evolutionary genetic standpoint, one aspect of particular importance is the maintenance of genetic variation (Jaenike & Holt, 1991) . Theoretical studies (Maynard Smith, 1970; Taylor, 1976; Templeton & Rothman, 1981; GarcIa-Dorado, 1986 , 1987 Hedrick, 1990a, b) show that conditions for the selective maintenance of polymorphism are generally enhanced by genotypespecific habitat preferences, with the fitness of each genotype highest in its preferred habitat. Genetic variation can be maintained, however, at a locus affecting habitat preference, even when this locus does not affect *Correspondence 384 fitnesses in the different habitats (Rausher, 1984; Diehi & Bush, 1989) .
Animals living in the same local region can exhibit several hierarchical stages of habitat selection. Success or failure in activities such as foraging, hiding, mating and oviposition can be influenced by differences in the general places that are suitable for these activities and also by differences in the patches within those places where the behaviour takes place. This concept of a spatial hierarchy in habitat selection extends to a temporal (suitability of places over time) as well as a genetic hierarchy. In the genetic hierarchy, different species can move to and occupy different habitats, while different genotypes of the same species can use different patches within a habitat. The feeding and breeding behaviour of host-specific insects exemplifies the higher levels of the genetic hierarchy. This is especially true for host-use patterns in those species of
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Drosophila where closely related taxa use different but closely related host plants (Heed, 1971; Fellows & Heed, 1972) . In these examples, the host plants represent a spatial hierarchy onto which the genetic hierarchy is overlaid.
The cactophilic Drosophila that use decaying tissue of cactus species as habitats represent an excellent system with which to study genotype-specific habitat selection. Most of the activities of these flies are carried out within the context of the host plants. Adults move to and settle on the host plants where they feed, mate and females oviposit. Eggs are laid in microhabitats that can differ from one another in terms of stage of decay, types and quantities of microorganisms present and physical conditions such as moisture content, pH and temperature. The oviposition choices made by females have a large potential influence on their progeny. This influence would augment habitat selection and future female oviposition choices if those choices are affected by the genotype of the female. Barker (1992) With five yeasts offered simultaneously, each of these estimates of the heritability of preferences for a particular yeast may well be affected by interactions among the other four yeasts that modify the observed preferences. The experimental test system, however, does simulate the multiple choice commonly available within rots in nature, as these rots contain one to five yeast species, with an average of about two to three (Barker eta!., 1983 (Barker eta!., , 1984 . While simulating nature in that respect, the laboratory system is obviously standardized (all females exposed to the same five yeasts) and under a controlled environment, so that the genetic variation demonstrated in the laboratory may not be expressed in the field.
In this paper, we report on genetic variation among 90 isofemale lines of D. buzzatii for oviposition preferences for three yeast species, on experiments designed to evaluate the effects of interactions among yeast species on preferences and on the repeatability of laboratory preferences under field conditions.
Materials and methods
Oviposition preferences of iso female lines Experiments 1 to 4 used 10 isofemale lines from each of nine populations ( Fig. 1) of D. buzzatii. The yeast species tested in the four experiments were P. cactophila (Pc, strain 77-168) and CL opuntiae (Clo, strain 77-182) in experiment 1, P. cactophila and Cr. cereanus (Crc, strain 77-140B) in experiment 2, Cl. opuntiae and Cr. cereanus in experiment 3 and all three in experiment 4. The isofemale lines had been maintained in the laboratory on cactus medium (Starmer & Barker, 1986) for three, four, 28 and nine generations, respectively, before initiation of each experiment and without exposure to cactophilic yeasts or bacteria.
All procedures for preparation of experimental flies, microorganism culture and setting up the oviposition test chambers were identical for the four experiments (with one exception for experiment 3: see below) and were generally the same as those described in detail by Barker (1992) . Five replicate cultures (three pairs of parents per replicate) were set up for each isofemale line on autoclaved cactus medium seeded with live S. cerevisiae. Ten pairs of progeny from each replicate were stored on this same medium and transferred to fresh vials every other day until used in an experiment. The three yeast species used were chosen on the basis of the results of Barker (1992) : P. cactophila and Cr.
cereanus (for which D. buzzatii showed heritable variation for oviposition preferences) and Cl. opuntiae (for which no such variation was detected). A bacterial community (six different species isolated from natural rots) (Barker, 1992) was used with each yeast species to simulate the microorganism composition of rots in nature. Each yeast species, together with the mixed bacteria community, was presented to the flies as 48 h cultures growing on the surface of a cactus homogenate medium. For experiments 1, 2 and 4, the medium was 10 per cent Opuntia stricta homogenate, 1.5 per cent agar but for experiment 3, 30 per cent 0. stricta homogenate was used. Experiment 3 was carried out after the field experiment and when we had demonstrated that the yeast species grew better on the more concentrated homogenate.
Oviposition chambers were 9 cm Petri dishes with a cotton-stoppered hole in the lid (for addition of flies) and a filter paper in the base moistened with 1 ml sterile water. Discs 1.6 cm diameter were cut from the microbial culture slabs and placed around the periphery of each chamber. For experiments 1, 2 and 3, two discs of each of the two yeast species were equally spaced opposite each other so that the yeast species alternated. For experiment 4, two discs of each of the three yeast species were similarly arranged.
The five females (9-day-old) to be added to each chamber were taken at random from the stored flies of each replicate under light CO2 anaesthesia and placed in vials containing 5 ml of 1.5 per cent agar. Thus the replicate sets of experimental females within isofemale lines did not share a common environment, either as larvae or as adults. Between 2.15 and 3.15 p.m., the females were added to the oviposition preference chambers and the chambers then arranged in random order and placed in a dark incubator at 25°C, 75 per cent r.h. by 3.30 p.m. At 8.00 p.m. the following day, chambers were put in a freezer at -15°C for 30 mm and then in a cold room at 0°C to prevent further embryo development. The eggs on each disc were counted over the next few days. As D. buzzatii females show a major peak of oviposition in the late afternoon! early evening, the test period includes 2 days of egg laying.
Data on oviposition preferences were analysed by ANOVA of the proportions of eggs laid on P. cactophi Ia in experiments 1 and 2, on Cr. cereanus in experiment 3 and on each of the three yeasts in experiment 4.
Total eggs laid in each replicate chamber was also analysed. The Fmax test (Sokal & Rohlf, 1981, p. 403) showed no heterogeneity of variances for populations or for lines although there were a few cases of deviations from normality. However, ANOVA following Box-Cox-Bartlett transformation gave the same results as for the untransformed data, so only the latter are presented.
Field experiments
The field experiments tested preferences for P. cactophi/a and Cr. cereanus only and used four lines selected from those tested in the isofemale line experiments. A suitable oviposition surface was prepared by homogenizing Opuntia stricta cladodes, autoclaving and adding 1 per cent (w/v) Bacto agar, boiling, cooling and pouring into sterile 10 X 60 mm Petri dishes. The solid cactus-agar surface was inoculated and spread with a 0.5 ml suspension (106_107 cells/ml) of the bacterial community previously mentioned and one of two yeasts: P. cactophila or Cr. cereanus. The plates were incubated at 28°C for 48 h before use.
Two types of field tests were conducted. In one case, two types of oviposition-choice plates, one inoculated with Pc and one inoculated with Crc, were placed together in the same plastic container (two plates/ container), while in the other, the two types were placed in separate containers (one plate/container).
Plastic containers were round (11 cm in height, 17 cm in diameter) and covered by a lid with a central metal grid (7.5 cm in diameter) that would allow access to flies. The plastic containers with yeast plates inside were placed according to a systematic pattern (12 spots; Fig. 2 ) at each field locality. Localities with one plate/container had six containers with Pc-inoculated plates and six containers with Crc-inoculated plates systematically interspersed (Fig. 2) . Localities with two plates/container had 12 containers each with a Pc and a Crc-inoculated plate. At each container placement spot, a wooden stake was driven into the ground and a paper plate stapled to the stake so that the container was shielded from direct sunlight and rainfall. Field localities were in the vicinity of Armidale, N.S.W, Australia, where there are no naturally-occurring stands of Opuntia. Four sectors were designated, each one for release of one of the four lines. Within each sector, five or six release sites were chosen with the minimum distance between them at least 2.6 km whereas the nearest distance between sites in different sectors was 4.5 km. Field sites were changed from day to day.
Containers were set out in mid-afternoon (1.00-4.00 p.m.) and retrieved the following morning (8.00-11.00 a.m.). For each release, flies had been collected from rearing bottles 7-10 days previously and stored (with transfer every 2-3 days) in fresh yeasted bottles. On the morning of release, approximately 500 pairs per line were collected and stored in eight vials containing 2 per cent agar and then transferred to empty vials just before being taken to the field. At each site, these eight vials were placed at four intermediate spots in the grid (Fig. 2) . When retrieved, the number of flies in each container was counted and the number of eggs per plate was counted immediately after returning to the laboratory.
For the experiment with one plate/container, the proportion of eggs laid on Pc-inoculated plates was calculated on a per site basis (i.e. number of eggs laid in the six Pc containers divided by the total number of eggs in all containers). In the experiment with two plates! container, the proportion of eggs laid on Pc-inoculated plates was calculated on a per container basis and these proportions averaged to obtain the average proportion for the site. Analyses of variance were done on the proportion of eggs laid on Pc plates (both experiments),
proportion of adults in Pc containers (one plate/container experiment) and average number of eggs per container (two plates/container experiment). Proportional data were arcsin transformed prior to analysis.
Diallel experiment
After the field experiment was carried out, the four lines were used in a full diallel experiment. The parental flies for the crosses in this experiment had been maintained for 14 laboratory generations. Experimental procedures were the same as for experiments 1, 2 and 4 above and for each of the 16 strains, 10 replicate oviposition chambers were set up, with five females per chamber and two discs each of P. cactophila and Cr.
V cereanus.
Data on the proportion of eggs laid on Pc in each chamber were analysed according to Method 3, model I of Griffing (1956) 
Results
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In experiments 1, 2 and 4, analysis of total eggs per chamber showed no significant differences among populations but highly significant (P <0.001) differences among lines within populations. In experiment 3, differences among populations were also significant (P <0.01). Mean eggs per chamber in the four experiments, with standard deviations in parentheses, were 212.9 (75.1), 149.9 (87.4), 176.9 (122.1) and 213.7
(86.1), respectively. In experiments 1-3, where females had a choice of two yeast species for oviposition, analyses of variance (Table 1) showed no significant effects when the yeast species were P. cactophila and Cl. opuntiae (experiment 1) but highly significant differences among lines within populations (P <0.001) when the yeasts were P. cactophila and Cr. cereanus (experiment 2). Significant differences both among populations (P <0.001) and among lines within populations (P<0.001) were found when the yeasts were Cr. cereanus and Cl. opuntiae (experiment 3). The overall means for proportion of eggs laid on P. cactophi/a in experiments 1 and 2 were very similar: 0.6426 0.1740 and 0.6418 0.2246, respectively, whereas the overall mean proportion on Cr. cereanus in experiment 3 was 0.2973 0.2286. Analyses of variance of the data from experiment 4 were performed in two ways: (i) for the proportion of eggs laid on each of the three yeasts, and (ii) for each of the three pairwise comparisons, ignoring the third yeast (Table 2 ). There were highly significant differences among lines within populations for all analyses and also significant differences among populations for the proportion of eggs on Crc and for the Pc/Crc comparison. From each of the ANOVAs, the heritability of individual female preferences can be estimated (Hoffmann & Parsons, 1988; Barker, 1992) . These heritability estimates and the statistics used in calculating them also are given in Tables 1 and 2 .
In all experiments, there was a general trend for the more fecund lines to lay a smaller proportion of eggs on the preferred yeast(s), as shown by the correlation coefficients (Table 3) . In experiment 4, Pc was the most preferred yeast and Clo was the least preferred, so that the significant positive correlations between total eggs laid and proportion laid on Clo (Table 3) Table 4 for the three comparisons among the two-way choice experiments and for each of these compared with the same yeast combination in the three-way choice experiment. For the two- way choice experiments, the interaction is significant in two of the three combined analyses, even though in each case the mean preferences for the yeast common to the two experiments are similar (Pc: experiments 1 and 2, Crc: experiments 2 and 3). The addition of a third yeast to the system also changes preference rankings of isofemale lines for two of the three cases, i.e. addition of Clo to Pc/Crc (experiments 2 and 4), and addition of Pc to Crc/Clo (experiments 3 and 4).
Selection of fines for the field experiments
Experiment 2 (Pc vs. Crc) results were used to select four lines for the field experiment, two with a high preference for oviposition on P. cactophila and two with a low preference for this yeast. Of the 90 lines tested, the one with highest preference for Pc (0.9743) was not selected as two of the replicates had only six and eight eggs. The four selected lines were Borah 6 (BOR6), Theodore 9 (T9), Theodore 3 (T3) and Mulambin Beach 6 (MB6). Average numbers of eggs and proportions laid on Pc for these lines are given in Table 5 .
The performance of these lines in experiment 4 (Table 5) shows that the two high preference lines (BOR6 and T9) remain above average in preference for Pc whereas the two low lines (T3 and MB6) remain below average. In terms of proportion of eggs laid on Pc, these lines ranked fifth and 25th highest and 11th and seventh lowest.
Field experiments
These were carried out during November 1990, with releases on nine days for the two plates/container experiment and on six days for the one plate/container experiment. In both one plate and two plates/container experiments, only those sites where more than 25 eggs were laid were included in the analyses. For the two plates/ container experiment, date and line were significant for the percentage of eggs laid on Pc (Table 7) . For average number of eggs/container, the date effect was significant and the line effect was marginally significant (P = 0.06). Percentage eggs laid on Pc was lowest for T 3 but the other line selected as having low preference for Pc (MB6) showed a percentage of eggs laid on Pc that was not significantly different from the two high preference lines (Tukey's w procedure). Average eggs per container was lowest for BOR6. The only significant effect in the one plate/container experiment was a date effect for percentage adults in Pc containers (Table  8) . In this experiment, adults of all lines were settling in the containers with Pc plates, so that there was little opportunity for short-distance choice of oviposition sites. The average number of eggs/container was substantially higher (two to six times) for the two plates! container experiment than for one plate/container (Table 6 ). Part of this difference is probably due to temperature effects as the daily maxima were on average higher on those days when the two plates/container For each line, the correlation between the average number of flies/container and the average frequency of eggs on P. cactophila plates was computed. No correlation was significantly different from zero. For the two plates/container experiment, the correlations between the average total number of eggs laid/container with average frequency of eggs in P. cactophila plates were also found to be non-significant compared with zero.
The original hypothesis was that line preferences documented in the laboratory would be demonstrable under field conditions. We thus categorized the lines according to their laboratory performance. BOR6 and T9 had high preference for P. cactophila whereas MB6 and T3 were low-preference lines. Analysis of the transformed percentage of eggs on Pc-plates according to this categorization also showed significant line effects (F=7.91, d.f.= 1,25, P<0.01).
Dial/el experiment Analysis of variance according to Griffing (1956) showed no specific combining ability or reciprocal effects. General combining ability (gca) also was not significant but the gca effects (T9:0.0462, BOR6:0.0411, MB6: -0.0212, T3: -0.0660) rank similarly to the line means in experiment 2. The exceptions are within each of the high lines and the low lines where, in both cases, the rankings are reversed in the diallel compared with experiment 2. Comparing gca effects using the standard error of the difference (0.0526), the highest line (T9) is significantly greater than the lowest (T3) (t = 2.13, P <0.05).
Laboratory retest of selected iso female lines The product-moment correlation coefficient between the mean (over replicates) proportion of eggs laid on Pc by each line in experiment 2 and in the retest was 0.388 (P <0.05) whereas the Spearman rank correlation coefficient was 0.308 (P<0.05). The means for each line in the two experiments were on average substantially higher in the retest (0.8735 vs. 0.6399). For the four lines used in the field experiment, the two high Pc lines (BOR6 and T9) ranked second and third in experiment 2 and 14th and fifth in the retest, both still higher than the high Pc mean. The two low Pc lines (MB6 and T3) which ranked lowest and second lowest in experiment 2 retained these same rankings in the retest.
Analysis of yeast volatiles The concentrations of the major volatiles detected in 50 per cent 0. stricta tissue homogenate 48 h after being inoculated with cactophilic yeasts are presented in Table 9 . In most cases, all concentrations were slightly reduced at 72 h compared with 48 h and consequently only the latter data are given. The major difference between the yeast species involves the production of ethanol. Two of the yeasts, C. sonorensis and Cl. opuntiae, are fermenters producing high concentrations of this alcohol. The other two species (P. cactophi/a and Cr. cereanus) produce less than 10 per cent of the concentration produced by the fermenters. One additional difference between the species is that Cl. opuntiae appears to produce less propionic and nbutyric acids than the other three yeasts.
Discussion
Many of the previous studies of genetic variation for habitat preference in Drosophila species relate to broadly defined habitats (Klaczko et at., 1986) or to different host plants or substrates (fruits) of different species (Carson & Ohta, 1981; Hoffmann et at., 1984; Jaenike, 1985; Lofdahl, 1986; Courtney & Chen, 1988) . There is a spatial hierarchy in habitat choice, where flies may move to habitats or host plants that are generally suitable and then choose microhabitats for oviposition. This distinction has been emphasized by Jaenike (1986) in defining settling behaviour as movement to and settling on a potential host, followed by oviposition site preference. Genetic variation for both these behaviours was found for D. tripunctata by Jaenike (1986) but his results indicated them to be independent genetically. The isofemale line experiments specifically simulate oviposition site preferences within rots. Natural rots contain one to five yeast species (Barker et at., 1983 (Barker et at., , 1984 but the yeast species distribution within rots is patchy (Barker et at., 1987 The results of the isofemale line experiments support and extend those of Barker (1992) , where females were given a choice of five yeast species including those used here. In those experiments, significant genetic variation was detected and the heritabii- proportions of eggs laid on yeast i vs. the other four) were generally not significantly different from zero for Candida sonorensis and CL opuntiae but were significant and ranged up to about 10 per cent for P. cactophi/a, Cr. cereanus and Candida mucilagina. When females were given a choice between two yeast species in the present experiments (Table 1 ), significant genetic variation was found for the choice between P. cactophi/a and Cr. cereanus (exeriment 2) and for that between Cr. cereanus and CL opuntiae (experiment 3) but not for P. cactophila and CL opuntiae (experiment 1). When females were given a choice among all three yeast species, the heritability of individual female preferences for each yeast was significant (Table 2) . In this case, interactions among the yeasts apparently affect oviposition preferences and the proportions of eggs laid on each yeast are not directly predictable from the pairwise preferences (Table 4 ).
The significant genetic variation among isofemale lines for oviposition site preferences is expressed in terms of the choice of Cr. cereanus, with heritability significantly different from zero for both two-way yeast choice experiments that included Crc (experiments 2 and 3, Table 1 ). In experiment 4, the heritability of the proportion of eggs laid on Cr. cereanus is higher than for the other two yeasts (Table 2) .
Interactions among the yeast species affecting female preferences would broaden the scope for habitat selection. The preference rankings of the isofemale lines for Pc in experiment 2 and for Crc in experiment 3 were both changed by the addition of a third yeast species (Clo and Pc, respectively; Table 4 ). Thus in natural populations, it will not be simply that some yeasts are preferred by some genotypes and other yeasts by other genotypes but that the preferences themselves may vary depending on each particular combination of yeast species present in a rot.
The absence of genetic variation for preferences for C. sonorensis and CL opuntiae as oviposition sites may be due to their fermentation ability and volatile production. Both species are fermenters that produce similar concentrations of volatiles when grown on 0. stricta tissue (Table 9) , with particularly high concentrations of ethanol. Genetic differences thus may not be expressed as variation in oviposition site preferences if D. buzzatii females in general are attracted to ethanol. The volatiles produced by the microorganisms present in cactus rots most probably provide the cues to flies seeking feeding or oviposition sites (Fogleman, 1982; Fogleman & Abril, 1990) . Responses of flies to these volatiles occur at two levels: (i) long-distance responses to different rots by flies in flight, and (ii) short-distance (walking) response within a rot (Barker, 1992) . The responses of D. buzzatii to five volatiles have been tested by Armstrong (1992) , using both a Y-tube olfactometer (short-distance walking response) and a wind tunnel (flying response), comparing each volatile with a water control. Forty isofemale lines were tested in the Y-tube and the mean responses to ethanol and methanol were not significantly different but both were significantly less than the response to iso-butanol, iso-amy! alcohol and ethyl acetate. Four of these lines, selected on the diversity of their responses in the Y-tube, then were tested in the wind tunnel, where ethanol was on average the most attractive. Spearman rank correlations for each line between responses in the two olfactometers were not significant for three lines but were significant for the one line which showed highest attraction to ethanol in both tests. Thus, ethanol produced by C. sonorensis and Cl. opuntiae may well be a major component affecting long-distance attraction to rots but with the long-distance and shortdistance responses being genetically independent.
